Thin films of Pd-Cu-Si metallic glassy alloys for a hydrogen sensor were fabricated by a sputtering method. In order to find out the effect of the composition and the microstructure of them on the hydrogen absorbing property (the H 2 response), the structural parameters based on the short-range order (SRO) were measured. Additionally, the change of the structural parameters with hydrogen absorption was measured, and the correlations of the change with the H 2 response and the hydrogen induced linear expansion coefficient (LEC) were examined. The H 2 response decreased with increases in Si content and the structural parameters. These results can be explained by the positive effects of Si content and the structural parameters on the formation of a trigonal prism which is a structural unit of Pd-based amorphous alloys, and by the negative effect of the trigonal prism on absorbing hydrogen. From the observation of the elongation of the Pd-Pd atomic distance with absorbing hydrogen, H atoms are supposed to occupy the space between Pd atoms. The amount of the change in the Pd-Pd atomic distance showed the positive correlations with the H 2 response and the LEC.
Introduction
In order to develop the hydrogen sensor for fuel cell vehicles, 1) we have adopted a Pd-Cu-Si metallic glassy alloy 2) that is a typical composition of Pd-based metallic glassy alloys for the sensor material, and have reported its excellent hydrogen sensing ability. 3, 4) The hydrogen atoms dissociated from hydrogen molecules on the surface of Pd become hydrogen anions by trapping the conduction band electrons of Pd, resulting in an increase in the electric resistance of Pd. 5) The high rate of change in electric resistance (that is defined as the H 2 response) with hydrogen absorption/desorption is required for the sensor material. The H 2 response increases with an increase in the amount of absorbed hydrogen in Pd and Pd-based alloys. 6 ) Therefore, it is very important to find out the effect of the composition and the microstructure of Pd-Cu-Si metallic glassy alloys on the hydrogen absorbing property.
Several studies on hydrogen absorbing properties of Pdbased amorphous alloys have been reported. Kirchheim et al. 7) have measured the solubility and diffusivity of hydrogen in amorphous Pd 77:5 Cu 6 Si 16:5 using an electrochemical method. They considered an amorphous metal was composed of a spectrum of defects, and sites which were occupied by hydrogen corresponded to different energy levels. Also they assumed the energy distribution was given by a Gaussian function and the sites were filled according to Fermi-Dirac statistics. Lee et al. 8) have measured the solubility and diffusivity of hydrogen in amorphous Pd 83 Si 17 and Pd 81 Si 19 using an electrochemical double cell technique. They reported that the hydrogen solubility increased with increasing Pd content and decreasing Si content. Furthermore, they considered the amorphous alloy had a broad range of energy states for the hydrogen incorporation. Because there was a very strong dependence of the diffusion coefficient on hydrogen concentration in amorphous alloys, while there was negligible dependence of it in crystallized Pd-Si alloys.
The structural analysis on Pd-based amorphous alloys has been studied using some diffraction methods. Fukunaga et al. 9) have studied the structure of three kinds of amorphous alloys (Pd 85 Si 15 , Pd 80 Si 20 and Pd 78 Si 22 ) by neutron diffraction. Ohkubo et al. 10) have studied the structure of Pd 82 Si 18 and Pd 75 Si 25 by electron diffraction employing highresolution electron microscopy (HREM) images. In both studies, they determined the structural parameters based on the short-range order (SRO): atomic distances of Pd-Si and Pd-Pd, the coordination number of Si atoms around a Pd atom (N PdSi ) and that of Pd atoms around a Si atom (N SiPd ). They discussed their obtained results with a trigonal prism which is reported as a structural unit of Pd-based amorphous alloys. In our previous report, 11) we measured the structural parameters based on the SRO and explained the observed positive correlation between glass transition temperature (T g ), which was the characteristic thermal property of metallic glassy alloys, and the composition by using the parameters on the standpoint of the formation of trigonal prisms.
The aim of this study is to find out the effect of composition and microstructure of Pd-Cu-Si metallic glassy alloy thin films on the hydrogen absorbing property (the H 2 response). For determining the microstructure, the structural analysis using synchrotron X-ray diffraction measurement was performed. The correlations of the H 2 response with the composition and the structural parameters were examined and discussed on the stand point of the formation of trigonal prisms. Additionally, the change of structural parameters with hydrogen absorption was measured, and the correlations of the change with the H 2 response and the hydrogen induced linear expansion coefficient (LEC) were examined.
Experimental

Alloy film preparation and characterization
Pd-Cu-Si alloy thin films with five kinds of composition were deposited on glass substrates using an RF magnetron sputtering equipment (L-332FHS, Cannon ANELVA Corporation) with a simultaneous three sources (Pd, Cu and Si) sputtering mechanism and a substrates-rotating mechanism. The diameters of sputtering targets (Pd, Cu and Si) were 76.2 mm each. The rotation speed of substrates was fixed at 80 rpm. The substrate-target distance (S-T distance) was 70 mm. Ar-pressure for the sputtering was 0.3 Pa. The composition ratios of thin films were controlled by changing RF powers to the three kinds of sputtering targets individually. In order to fabricate Pd-Cu-Si alloys in amorphous phase, the three constituent elements should be mixed homogeneously in a thin film. If a deposition rate (deposition thickness per one revolution of substrates) of an element is larger than its atomic diameter, it leads to the formation of a single element layer in principle. For obtaining the structure of homogeneously mixed elements, a sparse deposition per one revolution of substrates is required. Therefore, the RF power was controlled so that the deposition rate of each element became smaller than the corresponding atomic diameter.
The deposition time was calculated to achieve 4000 nm thickness of Pd-Cu-Si thin films using the total deposition rate which is the sum of the deposition rates of three kinds of elements. After measuring the thickness of a deposited thin film, the total deposition rate was corrected according to the difference between the measured thickness and 4000 nm. After that, a 100 nm thickness of Pd-Cu-Si thin film was fabricated by using the corrected total deposition rate. The thicknesses of thin films were measured with a surface profiler (Dektak 3 ST, Veeco Instruments Inc.). The thin films of 100 nm thickness were used for the measurement of the H 2 response and those of 4000 nm thickness were used for the X-ray diffraction measurement and the characterization of the films. The composition of the thin films was analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES).
Measurement of the H 2 response
The H 2 response was observed by measuring the electric resistance change of the thin films exposed in N 2 and H 2 under the atmospheric pressure. A thin film sample with a glass substrate was placed in a stainless chamber set up in an electric oven and then its electric resistance was measured by 4-probe method using Au plated brass electrodes, while the thin film sample was exposed in 100% N 2 and 100% H 2 of atmospheric pressure alternately. The experimental temperature was controlled at 303 K. The H 2 response is expressed as the normalized value (R=R 0 ), where R and R 0 are the electric resistances of the thin film exposed in 100% H 2 and 100% N 2 , respectively. The detail of the H 2 response measurement was explained in the previous reports. 3, 4) 2.3 Measurement of the hydrogen induced linear expansion coefficient The hydrogen induced linear expansion coefficients (LECs) of thin films were measured with a thermo mechanical analyzer (TMA, TMA4030SA, Bruker AXS K.K.) by tensile loading method. The sample for the measurement was a 4000 nm thickness, 10 mm length and 5 mm width thin film which was peeled off from a glass substrate and was cut into the size. The load in tension was 0.5 g. Operating temperature was 298 K. First, the sample was exposed in 100% N 2 . After that, the atmosphere gas was changed to 100% H 2 and the longitudinal expansion of the sample was measured. The hydrogen induced LEC was calculated by the following equation.
length of the sample exposed in 100% H 2 L 0 : initial length of the sample (¼ 10 mm) The longitudinal expansion of the sample is expressed as (L H 2 À L 0 ).
X-ray diffraction measurement
In order to determine the structural parameters on the SRO, synchrotron X-ray diffraction measurement of thin films in hydrogen desorbing/absorbing condition was performed. The prepared thin films of about 4000 nm thickness were peeled off from glass substrates, and were cut into 9 mm square films. 40 pieces of the cut thin films were stacked in a stainless sample holder having two windows covered with 0.125 mm thickness polyimide films and a stop valve. The atmosphere in the sample holder was air of atmospheric pressure for hydrogen desorbing condition. When the measurement was carried out in hydrogen absorbing condition, the air in the stainless sample holder was substituted with 100% H 2 of atmospheric pressure with a dry pump.
The synchrotron X-ray diffraction measurements were carried out using a horizontal two-axis diffractometer with a photon energy of 61.57 keV ( ¼ 0:02014 nm) at the BL04B2 beamline of the SPring-8 synchrotron radiation facility. The temperature during the measurement was about 293 K. After corrections for background, polarization, absorption and Compton scattering, the scattering intensity was normalized to give the structure factor, SðQÞ, where Q ¼ 4 sin =. Table 1 shows the composition and the H 2 response of the thin films, samples (a) to (e), measured at 303 K. In order to examine the correlation between the composition and the H 2 response, the H 2 responses against Pd content and Si content are plotted in Figs. 2(A) and (B), respectively. The described codes (a) to (e) are corresponding to the samples shown in Table 1 . The H 2 response increases with increasing Pd content in Fig. 2(A) . This result can be explained clearly by that Pd is a primary element which absorbs hydrogen in a Pd-Cu-Si alloy, and by that the electric resistance of the alloy changes depending on the amount of absorbed hydrogen. In Fig. 2(B) , the data are classified into two groups according to their Pd content (Pd ¼ 75:1{ 75:3 at% and Pd ¼ 67:8 at%) to eliminate the strong effect of Pd content on the H 2 response. From Fig. 2(B) , it can be seen that H 2 response decreases with increasing Si content in the same group. This suggests the possibility of some kind of correlation between the structural changes in the thin films with increasing Si content and the H 2 response relating to the amount of absorbed hydrogen.
12)
Results and Discussion
H 2 response
Structural analysis
The structural parameters based on the SRO of the thin films were measured. Basically, the structural parameters in hydrogen desorbing condition and the analyzing procedure in the present study are the same as those in the previous report.
11) Figure 3 shows the first peaks of radial distribution functions, RDF(r)s, of samples (a) to (e). The method for obtaining the RDF(r) is explained in a reference. 13) In order to obtain the structural parameters, it is necessary to divide the first peak of RDF(r) into partial correlations by to (e) measured in hydrogen desorbing condition. the least square fitting with Gaussian functions. As an example of it, Fig. 4 shows the first peak of RDF(r) of sample (b) with two Gaussian peaks (positioned at r 1 and r 2 ) indicating by broken lines. The two Gaussian peaks (r 1 and r 2 ) are corresponding to Pd-Si and metal-metal (Pd-Pd and Pd-Cu) pair correlations, respectively. Pd-Cu-Si metallic glassy alloys have 6 kinds of pair correlations: Pd-Pd, Pd-Cu, Pd-Si, Cu-Cu, Cu-Si and Si-Si. However, we ignored the pair correlations of Cu-Cu, Cu-Si and Si-Si for the Gaussian peak-fitting, because their calculated weighting factors were negligibly small compared to those of the other pair correlations. The weighting factor (W ij ) for the pair correlation between an i-atom and a j-atom is defined as follows:
where c i and f i are the concentration and atomic scattering factor of the component atoms i, respectively. For example, the weighting factors of sample (b) For dividing the first peak of RDF(r) into the Gaussian peaks corresponding to Pd-Pd, Pd-Cu and Pd-Si pair correlations, the positions of them should be fixed at first. The peak positions corresponding to pair correlations are defined as the atomic distances of the pair atoms. As for the atomic distances of Pd-Si and Pd-Pd, we used previous studies on the structure of Pd-Si amorphous alloys as a reference. The structural parameters reported by Fukunaga et al. 9) and Ohkubo et al. 10) are summarized in Table 2 . The atomic distances of Pd-Si and Pd-Pd are 0.242-0.248 nm and 0.275-0.281 nm, respectively. N ij in Table 2 expresses the coordination number of j-atoms around an i-atom.
The atomic distance of Pd-Cu can be roughly estimated by calculating the sum of atomic radiuses of Pd atom and Cu atom. The atomic radiuses of Pd atom and Cu atom are 0.137 nm and 0.128 nm, respectively, thereby the atomic distance of Pd-Cu should be about 0.265 nm. Therefore, the Gaussian peak corresponding to Pd-Cu pair correlation should mainly belong to the r 2 -positioned peak in Fig. 4 . However, we could not divide the r 2 -positioned peak into two Gaussian peaks corresponding to Pd-Pd and Pd-Cu pair correlations. The atomic distance of Pd-Pd is about 0.28 nm from the previous studies summarized in Table 2 . The atomic distances of Pd-Pd and Pd-Cu are very close and additionally, W PdPd is much larger than W PdCu . Therefore, the Gaussian peak of Pd-Cu will be so small that it will certainly be buried in the large peak of Pd-Pd completely. From this reason, we treated r 2 as the Pd-Pd atomic distance, although the r 2 -positioned peak was corresponding to metal-metal (Pd-Pd and Pd-Cu) pair correlations. The peak position (r 1 ) was defined as the atomic distance of Pd-Si.
For dividing the first peak of RDF(r) into two Gaussian peaks, the peak position appearing at around 0.28 nm was assigned as r 2 at first and then, the Gaussian peak-fitting of r 2 was performed. After that, the Gaussian peak positioned at r 1 was fitted at around 0.24 nm. The coordination numbers (N PdSi and N SiPd ) were calculated using the area of the Gaussian peak positioned at r 1 , weighting factors (W PdSi and W SiPd ) and the contents (Si content and Pd content). The calculation method of them is explained in a reference.
14) The structural parameters (r 1 , r 2 , N PdSi and N SiPd ) of samples (a) to (e) in hydrogen desorbing/absorbing condition were obtained by this procedure. They are summarized in Table 3 . As we mentioned above, the peak positions (r 1 and r 2 ) are corresponding to the atomic distances (Pd-Si and Pd-Pd), respectively. Comparing the structural parameters in hydrogen desorbing/absorbing conditions, we can see the peak position (r 1 ), N PdSi and N SiPd are about the same values. In contrast, a small change can be seen between their peak positions (r 2 ). Concerning the effect of the structural parameters on the microstructure of Pd-based amorphous alloys, Fukunaga et al. 9) have reported their study as follows. They supposed that with increasing Si content, the three-dimensional arrangement of neighboring Pd atoms around a Si atom was likely to become more trigonal prismatic coordination in Pd-Si amorphous alloys. And also, their obtained structural parameters, the atomic distances (Pd-Si and Pd-Pd) and N PdSi , increase with increasing Si content. Consequently, it can be stated that increases in the structural parameters with Si content suggests an increase in the number density of trigonal prisms. The obtained results in Figs. 2, 5 and 6 were considered on the basis of this theory by Fukunaga et al. In Fig. 2(B) , the H 2 response decreases with increasing Si content. Considering the positive correlation between Si content and the number density of trigonal prisms, it can be stated that the H 2 response has negative correlation with the number density of trigonal prisms. In Figs. 5(A) and (B) and Fig. 6(A) , the H 2 responses decrease with increases in the structural parameters (r 1 , r 2 and N PdSi ). Because the structural parameters have positive correlation with the number density of trigonal prisms, it also can be stated that the H 2 response Table 3 Coordination number (N ij ) and peak positions (r 1 and r 2 ) of samples (a) to (e) calculated from RDF(r)s measured in hydrogen desorbing/absorbing condition.
Sample composition in hydrogen desorbing condition in hydrogen absorbing condition has negative correlation with the number density of trigonal prisms. Additionally, this negative correlation can be seen in Fig. 6 (B). Samples (a) and (c) which showed lower H 2 response in all samples indicated N SiPd (in hydrogen desorbing condition) of 5.7 and 5.5, respectively (see Table 3 ). These values are close to 6 of N SiPd of a trigonal prism illustrated in Fig. 7 (A). 9) This result suggests that samples (a) and (c) have more trigonal prismatic structures than the other samples.
The negative effect of the trigonal prisms on the H 2 response was considered on the standpoint of the crystal lattice structure. A H atom absorbed in Pd can occupy the octahedral interstitial site in fcc-Pd as illustrated in Fig. 7(B) . In contrast, a trigonal prism has 6 Pd atoms at 6 vertices and a Si atom in its central hole as illustrated in Fig. 7(A) . The trigonal prism has no interstitial site where a H atom can stably occupy because a Si atom occupy the central position of the prism, while fcc-Pd has octahedral interstitial site for occupying of a H atom. However, a Pd-Cu-Si metallic glassy alloy is supposed to have not only trigonal prisms but also disordered Pd atoms, Pd-clusters and Pd-nanocrystals. Pdnanocrystals have the size of several nanometers to tens nanometers. Pd-clusters mean the clusters of several to several hundreds of Pd-atoms. Pd-clusters positively include the clusters of a Pd-crystal and a Pd-atom, and their size is far smaller than that of Pd-nanocrystals. H atoms are supposed to occupy the space between Pd atoms. Especially in the case of fcc-Pd, H atoms are supposed to occupy the octahedral interstitial site. Figure 8 shows the shifts of the first peaks in RDF(r)s induced by absorbed hydrogen at 293 K. Solid lines and broken lines express the RDF(r)s of thin films measured in hydrogen desorbing (without H) and absorbing (with H) conditions, respectively. The peak positions are corresponding to r 2 which indicates the Pd-Pd atomic distance. Samples (a) and (c) which indicated lower H 2 response show less peak shifts. On the other hand, samples (b), (d) and (e) show the clear peak shifts though the shifts are very small.
Change of structural parameters with hydrogen absorption
The peak shift (Ár 2 ) is defined as (Ár 2 = r 2 with H À r 2 without H). The H 2 response is plotted against the peak shift in Fig. 9 . From this figure, we can see the positive correlation between the H 2 response and Ár 2 . As we mentioned above, r 2 is defined as the Pd-Pd atomic distance. Therefore, the increase in r 2 caused by hydrogen absorption can be taken as the elongation of Pd-Pd atomic distance. The Pd-Pd atomic distance is thought to be elongated by the occupation of H atoms in the space between Pd atoms. The elongation of PdPd atomic distances should lead to the volume expansion of thin films. The linear expansion coefficient (LEC) measured at 298 K is plotted against Ár 2 in Fig. 10 , and it increases approximately linearly with increasing Ár 2 as expected. In Fig. 9 , the correlation between the H 2 response and Ár 2 is not linear, because of the slight low value of the H 2 response of sample (e), while the LEC and Ár 2 show linear positive correlation. The reason of the low H 2 response of sample (e) can be explained by the mechanism which we have reported in the previous study.
15 ) The mechanism is summarized as follows. The sample with high Pd/Si ratio (Pd/Si = 5:96 in the previous study) has many Pdnanocrystals in the amorphous matrix which probably includes Pd-clusters and disordered Pd atoms as well as trigonal prisms. When the sample is exposed in H 2 , the Pdnanocrystals form the electric contacts with each other by the connection of volume expanded Pd-clusters induced by absorbed hydrogen, resulting in a decrease in the electric resistance. That is the conflicting behavior with an increase by hydrogenation of Pd. In this case, the H 2 response takes lower value than that estimated from the hydrogenation of Pd, because the H 2 response is derived from the sum of the electric resistances relating to the two conflicting behavior. Therefore, the sample with Pd-nanocrystals indicates the low H 2 response for the amount of absorbed hydrogen by it. Pd/Si ratio of sample (e) is larger than those of the other samples: Pd/Si = (a 
Summary
In this study, Pd-Cu-Si metallic glassy alloy thin films were fabricated by a sputtering method, and the correlations of the H 2 response with the composition and the structural parameters based on the short-range order (SRO) were examined. Additionally, the change of structural parameters with hydrogen absorption was measured, and the correlations of the change with the H 2 response and the hydrogen induced linear expansion coefficient (LEC) were examined. The obtained results are summarized as follows.
(1) The H 2 response increased with increasing Pd content and decreased with increasing Si content. (2) The H 2 response decreased with increases in the structural parameters: the atomic distances (Pd-Si and PdPd) and the coordination numbers (N PdSi and N SiPd ). The increases in Si content and the structural parameters can be related to an increase in the number density of trigonal prisms. Therefore, it can be stated that the H 2 response and the amount of absorbed hydrogen have negative correlations with the number density of trigonal prisms. Possible explanation for this result is that the trigonal prism has no interstitial site where a H atom can stably occupy because of a Si atom occupying the central position of the prism. (3) The elongation of the Pd-Pd atomic distance with absorbing hydrogen was observed by the peak shift of RDF(r). From this result, H atoms are supposed to occupy the space between Pd atoms. The peak shift showed the positive correlations with the H 2 response and the hydrogen induced LEC. In other words, the Pd-Pd atomic distance increased with an increase in the amount of absorbed hydrogen to increase the volume expansion of thin films. 
